ABSTRACT Broken and weak bones of laying hens are major welfare concerns in the table egg industry. Bone quality at the end of lay of brown-(Shaver 579) and white-(Shaver 2000) egg strains were compared. Prior to the start of the experiment, the hens had been housed in laying hen cages (2/cage). At 423 d of age (60 wk + 3 d), 24 hens of each strain were selected and individually caged, and egg production records were kept until 462 d of age (the end of 65 wk) for a total of 39 d. Egg quality analysis was undertaken during wk 65 of age. Hens were killed at 66 wk of age (463 d), and carcass and reproductive morphology traits were measured. Femur and humerus mineral density were measured using quantitative computed tomography, and breaking strength was measured by an Instron Materials Tester. The white-egg strain (Key words: bone breaking strength, bone mineral density, egg quality, laying hen, quantitative computed tomography)
INTRODUCTION
The incidence of broken and weak bones at the end of lay is a serious problem in the table egg industry. In a United Kingdom study, 29% of laying hens were found to have broken bones by the time flocks were dispensed at the end of their laying period (Gregory and Wilkins, 1989) . The increasing number of broken bones has also led to processing problems. Processing plants may refuse to accept these hens due to increased risk of bone fragments in the final product (Gregory and Wilkins, 1989) . Until recently, this problem has not received much attention from the poultry industry or the research community (Mench and Duncan, 1998) .
The most common occurrence of broken bones in a commercial laying hen is during removal from the cage at the end of lay. Handling (Gregory and Wilkins, 1989) , cage structure, and flight behavior may result in trauma to the hen from contact with the cage or with other birds, thereby causing breaks (Duncan, 2001) . However, the un-2004 Poultry Science Association, Inc. Received for publication August 15, 2003 . Accepted for publication November 13, 2003. 1 To whom correspondence should be addressed: doug.korver@ ualberta.ca. 375 produced 3.7% more marketable eggs during the experiment due to a 0.3 d shorter mean pause length in egg production. Eggs from the brown strain were 3.4% heavier, had 4.0% more eggshell, and had a higher specific gravity than the white strain eggs (1.077 and 1.072, respectively). Final BW was 330 g greater in the brown-egg strain. Total bone density of the femur was not different between the 2 strains but was greater in the humerus of the brown-egg layers. Total femur and humerus bone areas were greater in the brown strain than the whiteegg strain. Bone breaking strengths of the brown-egg strain were greater by 22% (femur) and 18% (humerus) than in the white-egg strain hens. These results indicate that this brown-egg strain may be more resistant to weak and broken bones at the end of production than the whiteegg strain.
derlying cause of bone breakage in laying hens is due to weak bones as a result of Ca depletion (Knowles and Wilkins, 1998) . A total Ca output of 28 to 30 times the hen's total body Ca reserves is required for egg production throughout the entire production cycle (Elaroussi et al., 1994) . The high level of egg production over prolonged periods of time results in aging hens having a skeletal system that is highly susceptible to breaks (Fleming et al., 1998a) .
A laying hen has 3 types of bone tissue: cortical, trabecular, and medullary bone, all of which have important roles in bone strength and Ca metabolism . Cortical and trabecular bone provide most of the structural strength to the bone , whereas medullary bone acts as a source of available Ca for eggshell formation (Fleming et al., 1998b) . Medullary bone is readily turned over during times of insufficient dietary Ca levels and replaced when dietary Ca levels are in excess of the hen's requirement (Fleming et al., 1998b) . This cycle can occur on a daily basis. If insufficient medullary bone is available, trabecular and cortical bone can be utilized to meet the hen's Ca requirement. The loss of cortical bone is critical, as the hen has no method by which to replace it during the laying cycle (Taylor and Dacke, 1984 ). An abnormally high amount of cortical bone mobilized for egg production predisposes the skeletal system to breaks and other disorders.
Several studies have been conducted regarding bone strength in layers. These studies have focused on the effects of housing (Norgaard-Nielsen, 1990; Appleby et al., 2002) and nutrition (Rennie et al., 1997; Rath et al., 2000; Cransberg et al., 2001) as factors affecting bone quality. To date, little reported research has examined the differences in bone quality between white and brownegg strains at the end of lay.
Potential differences in bone quality of various white and brown-egg strains may be due to reported differences in age at sexual maturity, egg production , egg size (Scott and Silversides, 2000; Silversides and Scott, 2001 ), egg quality (Hunton, 1982; Scott and Silversides, 2000; Bell et al., 2001; Bar et al., 2002) , and BW (Scott and Silversides, 2000; .
There is increased interest from the poultry industry and scientific community regarding bone quality and welfare of egg laying hens. The main objective of this study was to determine if there were any differences in bone density, bone strength, egg production, and eggshell quality between brown-and white-egg laying hens. It was hypothesized that the brown-egg laying strain would have an increased bone quality [measured as bone mineral density (BMD) and breaking strength] due to greater body mass, without a reduction in egg production or eggshell quality.
MATERIALS AND METHODS

Experimental Design
This study was approved by the University of Alberta's Faculty Animal Policy and Welfare Committee according to the Guide to the Care and Use of Experimental Animals (Canadian Council on Animal Care, 1984) . Hens in the present study had been housed from 18 wk of age at a density of 2 birds per cage as part of a larger population. The hens in the present study were randomly selected from the birds that were in lay, based on egg production records. At 423 d (60 wk + 3 d) of age, Shaver 2000 2 (white-egg strain, n = 24) and Shaver 579 2 (brown-egg strain, n = 24) hens were placed individually in the top tier of a 2-tier battery cage system, allowing for 1,239 cm 2 /hen. All birds were fed according to the same layer nutritional program throughout the prestudy and study periods. All hens received water ad libitum and a standard layer ration fed in mash form (Table 1) , which was top-dressed once weekly with 5 g of oyster shell per hen.
2
Hubbard ISA, Duluth, Georgia. Hens were kept on a 14L:10D photoperiod throughout the entire production cycle in a light-tight poultry house.
Egg Production and Eggshell Quality
Beginning at 423 d (60 wk + 3 d) of age, egg production was recorded daily on a per-hen basis for 39 d, to 462 d (the end of 65 wk) of age. Egg laying sequence length was determined using the methods described by for the 39 d of recorded egg production.
From 455 to 462 d of age (wk 65), all eggs laid were collected for eggshell quality analysis. After each egg was stored for 1 wk at 13°C, eggs were weighed, and eggshell quality was determined by specific gravity (SG) with the floatation method as described by Hamilton (1982) ; a series of saline solutions with SG ranging from 1.064 to 1.110 in increments of 0.002 were used. Eggs were broken, and shells were washed of adhering albumen and membranes, left to dry at room temperature overnight, and weighed.
Carcass and Reproductive Measurements
At 463 d of age, all hens were carefully removed from their cages and immediately killed by cervical dislocation. The hens were then weighed, and right shank length was measured by a vernier caliper as the length of the tibiotarsus from the footpad to the hock joint. Birds were dissected, and weights of the liver, abdominal fat pad, breast muscle, oviduct, total ovary, total large (greater than 1 cm) yellow follicles, and stroma were recorded. Birds were examined for the incidence of internal abnor-malities such as internal ovulation, internal laying, follicular atresia, and cystic right oviducts.
Bone Quality
The right humerus and femur of each hen were removed and stored at −25°C until further bone quality measurements were conducted. In cases where the right femur or humerus was fractured, the left bone was collected. Bones were thawed and then cleaned of soft tissue prior to bone quality analysis. Bone density analysis was performed using quantitative computed tomography. A Stratec XCT 3 scanner with XMENU software version 5.40C was used in the present study. A longitudinal scan of the bone was taken to set the location for the crosssectional x-ray picture, set at the midpoint of each bone. The resulting cross-section was analyzed by the Stratec XCT software, which calculated total, cortical, and trabecular bone densities and areas. Bone in the trabecular space was assumed to include medullary bone.
After BMD measurements were completed, bone breaking strength was measured using a modified version of the method described in Fleming et al. (1998c) . An Instron Materials Tester 4 with Automated Materials Test System software version 8.09, a standard 50-kg load cell, and a modified sheer plate (8 cm in length and 1 mm in width) were used. A 3-cm distance between the 2 fixed points supporting the bone and a crosshead speed of 100 mm/ min were held constant throughout each measurement. The force was applied to the mid point of the same facial plane of each bone, and the breaking strength was recorded.
Statistical Analysis
One hen from the white-egg strain was omitted from analysis as this bird stopped laying after being selected for the study. The femur from an additional white-egg strain hen was eliminated from analysis of bone weight, length, and breaking strength measurements due to bone damage incurred during dissection. The humerus of one white-egg strain hen was eliminated from all bone analysis as it had been broken and subsequently healed prior to the dissection. Three humeri of white-egg strain hens were eliminated from bone weight, length, and breaking strength measurements due to damage during the dissection. All femurs from the brown-egg strain were used in all bone analysis procedures; however, the humeri of 2 brown-egg strain hens were omitted, because during the removal of the soft tissues, these bones were found to have been previously broken and healed.
The response variables were analyzed as a one-way ANOVA with strain as the main effect using the GLM procedure of SAS software (SAS Institute, 1999) . When the effect of strain was significantly different, means were 3 Norland Medical Systems, Inc., Fort Atkinson, WI.
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Model 4411, Instron Corp., Canton, MA. separated using least squares means comparisons. Correlation coefficients (r) of bone quality measurements with production and body composition parameters were calculated using Pearson correlations in SAS software (SAS Institute, 1999) . The level of significance, unless otherwise stated, was assessed at P < 0.05.
RESULTS AND DISCUSSION
Egg Production, Sequence Length, and Quality
Throughout the final 39 d of production, the strains had similar total (P = 0.0531) and percentage hen-day (P = 0.0531) egg production; these differences approached statistical significance ( Table 2 ). The white-egg strain hens produced, on average, 36.8 marketable eggs per hen; the brown-egg hens produced 34.5 marketable eggs throughout the experimental period (Table 2 ). Because only the final 39 d of egg production was recorded, the differences may not accurately reflect egg numbers throughout the entire production cycle. It does, however, give an indication of egg production at the end of lay and can be compared with early egg production by the same strains as reported by . These authors reported a 5.8% higher percentage of hen-day egg production for the brown-egg strain from 21 to 45 wk of age. The results from the current study show a 6.9% higher egg production for the white-egg strain during the latter stages of egg production. This finding indicates that the brownegg strain had a greater decrease in egg production near the end of lay. Because the brown-egg strain has previously been shown to have a higher level of egg production during the early stages , the overall egg production may not be different between these 2 strains.
The mean egg sequence length was similar between the 2 egg strains with an average length of 14.8 and 18.9 d for the brown and white-egg strains, respectively (Table  2) . However, the length of the pause between sequences was longer for the brown strain than the white-egg strain, with pauses of 1.1 and 0.8 d, respectively (Table 2) . Renema et al. (2001) reported a 13 d greater average sequence length for the brown-egg strain as compared with the white-egg strain from 21 to 45 wk of age. This finding would account for the higher level of egg production in the brown-egg strain at this younger age. The brown-egg strain laid eggs that were more than 4 g heavier, had more eggshell (both on a weight and percentage of egg weight basis), and had a higher SG (1.077 and 1.072, respectively) than the eggs of the white-egg strain during wk 65 (Table 3) .
Other researchers have found brown-egg strains to produce heavier eggs (Curtis et al., 1986; Scott and Silversides, 2000; , have a greater eggshell weight (Scott and Silversides, 2000; , and a greater percentage of eggshell (Curtis et al., 1986; Scott and Silversides, 2000) . However, reported that percentage of eggshell and SG of Means within the same column with no common superscript are significantly different (P < 0.05).
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2 Hen-day egg production.
eggs were not different between the brown and whiteegg strains from 21 to 45 wk of age. The differences in results between the previous report and the present study may be attributed to the age and breed of the hens studied. Eggshell quality normally deteriorates with increasing age (Flock, 1994) . Silversides and Scott (2001) found a relative decrease in the amount of shell as a percentage of egg weight as the hen ages. The evidence of greater eggshell quality and greater amount of eggshell by the brown-egg strain at the end of lay from the current study suggest that as the hens age, the white-egg strain had a greater decrease in eggshell quality than the brown-egg strain. Silversides and Scott (2001) also found a larger decrease in eggshell quality in a white-egg strain, although the white and brown-egg strains compared in that study were different than those in the current study. Poor shell quality will increase the incidence of cracked eggs. Holder and Bradford (1979) found an almost 2-fold greater incidence of cracks in eggs that had a SG of 1.070 than in eggs that had a SG of 1.075. The results from the current study suggest that more of the white eggs would be downgraded as a result of the lower egg SG and the thinner eggshells.
Carcass and Reproductive Morphology at 66 wk of Age
The brown-egg strain hens were on average 330 g larger the than the white-egg hens (Table 4 ). This weight difference was associated with a greater fat pad weight of the brown-egg strain relative to the white-egg strain (5.68 and 4.30% of BW, respectively; Table 4 ). Renema and Means within the same column with no common superscript are significantly different (P < 0.05).
1
2 Specific gravity.
Robinson (2001) also showed that BW, at sexual maturity and at 45 wk of age, was greater in the brown than the white-egg strain when comparing the same strains as used in the current study. The white-egg strain hens had a greater percentage of breast muscle compared with hens of the brown-egg strain (Table 4) , in contrast to results presented by . This difference may be attributed to the changes that occur as the hen ages; hens in the current study were 66 wk old as compared with 45 wk of age in they study by .
The white-egg strain had a greater percentage of liver weight (Table 4) , which may be directly related to the increased egg production of the white-egg strain as the liver would need to process more lipids for the production of egg yolk. There were no differences in regard to weight for any of the reproductive tissues measured (Table 4) . This finding agrees with the results reported by who also did not report any differences in reproductive system component weights between the same 2 strains.
Femur Characteristics and Correlations
Femur BMD was not different between the 2 strains; however, total cross-sectional area of the femur was 8% greater in the brown than in the white-egg strain (Table  5 ). The same pattern was also observed for the femur cortical bone, in which the cortical density was not different between the 2 strains, but the brown-egg strain had an 11% greater cortical bone area (Table 5 ). The BMD results show that bone strength for the brown-egg strain Large yellow follicles (>10 mm in diameter).
would be expected to be greater than for the white-egg strain; this interpretation is supported by the greater femur breaking strength of the brown-egg strain (Table 5 ). The brown-egg hens had a greater total bone area and, more importantly, cortical bone while maintaining the same bone density as the white-egg strain, which had a smaller bone area. The femur has been identified as one of the primary bones contributing minerals for eggshell calcification (Taylor and Moore, 1954) . BMD is a very important measure of bone quality and is positively related to bone breaking strength (McCoy et al., 1996) . Rowland et al. (1972) found bone breaking strength to vary among several different strains of laying hens, indicating a genetic potential for some strains to have better bone quality than others. More recently, Bishop et al. (2000) reported success in selecting laying hens for increased bone quality. Bone strength has been shown to have a positive relationship with BW (Bishop et al., 2000) . Knowles et al. (1993) found heavier birds to have stronger bones but also to have an increased incidence of bone breakage. These authors hypothesized that the increased bone strength was not sufficient to offset the stress of support- Means within the same column and bone type with no common superscript are significantly different (P < 0.05).
1 Bone breaking strength. ing the extra weight placed on the hens skeletal system. Knowles et al. (1993) compared hens with a greater difference in BW than the current study. The 330 g of greater BW of the brown-egg hens used in the current study might have resulted in a significant amount of increased stress on the bones of those hens as compared with the white-egg hens, resulting in an increased susceptibility to bone breakage. Femur length was not different between the 2 strains, although the bone weight was about 9% greater in the brown-egg strain hens (Table 5 ). This result also supports the finding that the overall thickness of the femur is greater for the brown-egg strain and suggests there is more bone tissue in an equivalent length of bone.
Medullary bone is found within the same space as the trabecular bone and contributes somewhat to bone strength, although to a lesser extent than cortical bone (Fleming et al., 1996) . Medullary bone is mainly important for the mobilization of Ca for eggshell formation . The quantitative computed tomography method used in the present study could not separate avian trabecular and medullary bones. Therefore, changes in trabecular bone measurements are Bone breaking strength. *P < 0.05; **P < 0.01; ***P < 0.001.
assumed to reflect, although not necessarily measure, changes in medullary bone stores. The white-egg strain had 16% greater density in the femur trabecular bone but a similar femur trabecular area to the brown-egg strain (Table 5) . Medullary bone can be formed at the cost of cortical bone (Taylor and Moore, 1954) if dietary Ca or Ca absorption is insufficient. The results of the current study suggest the brown-egg strain was able to preserve cortical bone by mobilizing a greater amount of Ca from medullary bone, thus reducing density of the trabecular region. The improved bone quality in the brown-egg strain may be due to a capacity not only to mobilize sufficient amounts of Ca from their medullary bone but also to replenish those reserves. Subsequently, a minimal amount of structural bone might have been lost from the brown-egg stain hens during the egg production cycle.
The difference in Ca mobilization from the medullary bone could also be related to the length of pause between successive egg sequences in the 2 strains studied . The longer pauses of the brown-egg strain, although slightly reducing egg production, may be enough to allow medullary reserves to be replenished to a greater extent. However, reported a much greater sequence length for the brown than the white-egg strain from 21 to 45 wk of age. Taken together, these results indicate that the brown-egg strain has a more significant reduction in egg production with age. This reduction may allow the brown-egg strain hens to build up Ca reserves, thereby reducing reliance on structural bone Ca to support egg production.
Hen-day egg production during the final 39 d of lay (60 wk + 3 d to 65 wk of age) was positively correlated with femur cortical BMD (r = 0.46) for the brown-egg strain (Table 6) but not for the white-egg strain (Table 7) .
Egg production was only recorded for the final 39 d of the production cycle; thus, actual total production may be a better indicator to use when determining the relationship between bone strength and egg production.
Egg production is rapidly approaching the biological limit of one egg per day (De Ketelaere et al., 2002) , which puts a great metabolic demand on the hen. Research has shown a relationship between the occurrence of osteoporosis with egg production and BW (Cransberg et al., 2001) . When hens do not consume sufficient nutrients, especially during peak production, BW will decrease (Cransberg et al., 2001) . Hens that lost weight during peak production had reduced egg production and were more prone to osteoporosis later in the production cycle (Cransberg et al., 2001) . Therefore, a negative correlation between bone quality and egg production may be expected. However, a positive correlation found in this study may be indicative of the brown-egg hens' ability to replenish bone Ca reserves. Rowland et al. (1972) found no relationship between tibia breaking strength and egg production among different strains of laying hens. Previous research has shown that some hens are capable of high egg production and good bone quality at the end of lay (Whitehead et al., 1998) . Therefore, depending on the breed and strain, bone quality may not be negatively affected by high rates of egg production.
Specific gravity (r = −0.58 and r = −0.53) and eggshell weight (r = −0.68 and r = −0.46) for the brown and whiteegg strains, respectively, were found to be negatively correlated with total femur density (Tables 6 and 7) . Shell weight was also negatively correlated with femur cortical area (r = −0.45) and femur breaking strength (r = −0.48) for the brown-egg strain (Table 6 ). Similar relationships were observed for the white-egg strain, in which total femur density was negatively correlated with SG (r = Bone breaking strength. *P < 0.05; **P < 0.01; ***P < 0.001.
−0.53) and eggshell weight (r = −0.46), whereas femur cortical area was negatively correlated with SG (r = −0.54, Table 7 ). These results are explained by the fact that some of the Ca needed for eggshell formation is drawn from bone reserves. In this study, the brown-egg strain laid larger eggs with more shell and still showed higher bone quality. There are 2 possible explanations for these results. One possible explanation is that the brown-egg strain hens are able to maintain bone quality and still produce high quality eggs. The brown-egg strain hens may be able to more efficiently mobilize medullary bone, thereby making more Ca available for eggshell formation, as demonstrated by a greater femur cortical area but a less dense trabecular bone. It also could be possible that the brownegg strain lost the same amount of bone mineral as the white-egg strain but had more bone mass upon which to draw. Body weight of the brown-egg strain was positively correlated with femur area (r = 0.48, Table 6 ). In the whiteegg strain, BW was not correlated with cross-sectional area but was positively correlated with total bone density (r = 0.46, Table 7 ). This finding suggests that the larger birds may have greater bone strength to support the extra weight. The 2 strains show different physiological changes in response to increased BW, which may be related to the difference in bone strength. The brown-egg strain maintained the same density, independent of BW, but increased the bone area. The white-egg strain maintained the same cross-sectional area, but density increased as BW increased. Knowles et al. (1993) found bone strength and BW to be positively correlated; however, this was not the case with either of the strains in the current study.
Humerus Characteristics and Correlations
In the hen, the humerus has one of the highest fracture rates of all bones (Fleming et al., 1998c) . It is normally a pneumatized bone of the hen's wing but has been found to contain variable amounts of trabecular bone (Fleming et al., 1996) . The humerus is especially susceptible to breaks as it does not usually have the added support of the trabecular bone. This, combined with the high susceptibility to hysteria of laying hens, increases the chance for injury if the bird flaps its wings against the cage.
The mean total humerus density of the brown-egg strain was found to be marginally greater than the whiteegg strain, although this difference was not significant (P = 0.0543; Table 5 ). The humerus of one white-egg laying hen had a measurable amount of trabecular bone, resulting in a higher average total BMD. This single observation, in the context of the small sample size in the study, resulted in a relatively high degree of variance. Therefore, the actual mean total density value for the white-egg layers might be skewed. No other humeri from the brown or the white-egg strains were found to have measurable trabecular bone. The presence of medullary bone within the humerus has been found to vary among strains of laying hens, but bone density and strength have been shown to increase in its presence (Fleming et al., 1998b) .
The humerus cortical density was 2% greater in the brown-egg laying strain than in the white-egg laying strain (Table 5) . These results are supported by the greater bone breaking strength in the brown-egg strain (Table 5 ). The brown-egg strain showed an 18% higher humerus breaking strength than the white-egg strain. However, unlike the femur, the humerus of the brown-egg strain was longer than the white-egg strain (Table 5 ). The longer humerus and the increased humerus cortical density and area of the brown-egg layers resulted in an overall heavier humerus and, thus, more bone Ca in the brown-egg strain (Table 5) . Knowles et al. (1993) found that humerus breaking strength did not differ among the 4 breeds of hens they examined.
Humerus trabecular density and area were found to be similar between the brown and white-egg strains (Table 5). As previously mentioned, only one humerus had trabecular bone within the bone cavity, which may make humeri more susceptible to breaks as they do not contain trabecular bone for internal strength.
Similar to total femur area, the total humerus area was correlated (r = 0.61) with BW in the brown-egg strain. However, BW was not correlated with any of the bone quality measurements observed for the white-egg strain. Hen-day egg production was correlated with cortical bone density in the brown-egg strain but not in the whiteegg strain. Humerus quality measurements were not correlated with SG or eggshell weight for either strain. This finding indicates that the differences observed within the density and breaking strength of the brown and whiteegg strains are most likely attributed to the differences in their genetic makeup.
The improved femur and humerus bone quality of the brown-egg strain in the current study may indicate that these hens are less susceptible to conditions such as osteomalacia, osteoporosis, and caged layer fatigue. These conditions, although related in terms of bone fragility, have separate causes. Osteomalacia is generally caused by poor bone mineralization as a result of nutritional deficiencies , whereas osteoporosis has been related to many underlying causes such as nutritional deficiencies (Ca, P, and vitamin D), housing, genetics, and high egg production (Newman and Leeson, 1997) . Osteoporosis is a gradual loss in structural bone mass over time (Bishop et al., 2000) and is defined by a uniform loss of cortical bone throughout entire body . Cage layer fatigue is a syndrome observed in extreme cases of osteoporosis that mainly affects hens with a high rate of egg output, such as White Leghorns, or hens housed in cages (Leeson et al., 1995) .
The present results indicate that there may be a potential for improved welfare of egg laying hens through selection of certain strains. Although this study involved 2 strains of laying hens, it has laid the groundwork for larger-scale study to be conducted with different strains and types of egg-laying birds of other brown and whiteegg breeds. The brown-egg strains currently used in the egg laying industry have production rates similar to the white-egg strains. Although the larger body size of the brown hens results in a greater feed intake, this cost may be offset by the loss of white strain hens due to poor bone quality. If the results from this study can be applied to other strains of white-and brown-egg hens, they may eventually alter the choice of laying hen strains to optimize bird health as well as egg production.
